Experimental characterization of dielectric-loaded plasmonic waveguide-racetrack resonators at near-infrared wavelengths by Garcia, Cesar et al.
Syddansk Universitet
Experimental characterization of dielectric-loaded plasmonic waveguide-racetrack
resonators at near-infrared wavelengths
Garcia, Cesar; Coello, Victor; Han, Zhanghua; Radko, Ilya; Bozhevolnyi, Sergey I.
Published in:
Applied Physics B
DOI:
10.1007/s00340-012-4974-0
Publication date:
2012
Document Version
Submitted manuscript
Link to publication
Citation for pulished version (APA):
Garcia, C., Coello, V., Han, Z., Radko, I. P., & Bozhevolnyi, S. I. (2012). Experimental characterization of
dielectric-loaded plasmonic waveguide-racetrack resonators at near-infrared wavelengths. Applied Physics B,
107(2), 401-407. DOI: 10.1007/s00340-012-4974-0
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 17. jan.. 2017
Appl Phys B (2012) 107:401–407
DOI 10.1007/s00340-012-4974-0
Experimental characterization of dielectric-loaded plasmonic
waveguide-racetrack resonators at near-infrared wavelengths
C. Garcia · V. Coello · Z. Han · I.P. Radko ·
S.I. Bozhevolnyi
Received: 26 August 2011 / Revised version: 3 February 2012 / Published online: 31 March 2012
© Springer-Verlag 2012
Abstract Dielectric-loaded plasmonic waveguide-racetrack
resonators (WRTRs) were designed and fabricated for oper-
ating at near-infrared wavelengths (750–850 nm) and char-
acterized using leakage radiation microscopy. The trans-
mission spectra of the WRTRs are found experimentally
and compared to the calculated analytical expression. The
wavelength-dependent parameters of the analytical expres-
sion, i.e. the propagation length and effective-index dis-
persion, were also estimated experimentally by leakage ra-
diation imaging of direct and Fourier space, respectively.
The fabricated structures exhibited high extinction ratio
(∼20 dB) and good agreement between calculated and mea-
sured transmission values.
1 Introduction
In recent years, plasmonics has become an intensive re-
search area due to its potential applications in biosens-
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ing [1], inter-chip and intra-chip applications in computer
systems, data storage and communications [2, 3]. Plasmon-
ics offers the opportunity to combine optical functionality
in the same physical area as existing electronic devices by
exploiting the unique optical properties of surface plasmon
polaritons (SPPs). SPPs are quasi-two-dimensional electro-
magnetic waves of electron excitations, propagating at a
metal–dielectric interface and having field components de-
caying exponentially into both neighboring media [4]. Un-
like electronics, plasmonic devices grant much faster re-
sponse times (∼1014 Hz) and also broader bandwidths [5].
Several plasmonic devices have already been investigated,
such as refractive elements [6], interferometers [7] parabolic
mirrors [8], band-gap structures [9] and waveguides [10–14]
among others. Research on SPP waveguiding has been of
utmost importance since it is essential for controlled plas-
monic manipulation. Plasmonic waveguides are used to
guide SPP modes and can be configured by using different
geometries and materials. In this context, metallic photonic
crystals, thin metal strips, metal nanoparticle chains and
metal nanorods have been introduced as SPP-guiding mech-
anisms [10]. However, in these structures, the field is weakly
localized in the transverse section. Dielectric-loaded SPP
waveguides (DLSPPWs) represent an attractive alternative
to improve the SPP-mode lateral confinement. DLSPPWs
are a special kind of waveguide where a high index contrast
(core refractive index much different from the neighboring
medium) is used to shrink the mode size by strongly con-
fining the SPP field in the transverse section. Nevertheless,
with better confinement, the lower the propagation length.
This trade-off between localization and propagation is one
of the main issues in SPP guiding. DLSPPWs were theoreti-
cally investigated [11] using the effective-index method [15]
and the finite-element method. Recently, the potential of
DLSPPW-based components for wavelength selection was
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also explored [12]. The investigation included waveguide-
ring resonators (WRRs) and in-line Bragg gratings in the
telecommunication wavelength range. Other studies showed
waveguide-racetrack resonators (WRTRs) to be an attractive
alternative besides WRRs [16, 17]. The larger coupling re-
gion of WRTRs yields flexibility in fabrication parameters,
hence relaxing the requirements of fabrication resolution. It
is, however, difficult to foresee the WRTR behavior within
other important wavelength ranges, e.g. in the near infrared
accessible with Ti:sapphire lasers, because all the impor-
tant properties (propagation length, mode confinement and
effective-index dispersion) are expected to be significantly
different. In this work, we report on the design, fabrication
and characterization of dielectric-loaded plasmonic WRTRs
at near-infrared wavelengths, which is the first investigation
in this wavelength range. WRTR transmission spectra are
measured using leakage radiation microscopy (LRM) and
compared to the calculated analytical values. High extinc-
tion ratios (∼20 dB) are achieved compared to those ob-
tained in previous results with WRRs in the telecommu-
nication range (∼13 dB) [12, 13]. The propagation length
and effective-index dispersion are also measured by record-
ing the leakage radiation at the direct and Fourier space, re-
spectively. This paper is organized as follows. Section 2 de-
scribes the sample fabrication process and the experimental
setup. Experimental results and discussion are presented in
Sect. 3. Finally, in Sect. 4 conclusions are shown.
2 Materials and methods
The structures were fabricated using electron-beam lithog-
raphy. The DLSPPW consists of a strip of poly-methyl-
methacrylate (PMMA) deposited, by using a spin-coating
process, on a 70-nm gold film (Fig. 1a). Based on previ-
ously published results [11], both width w and thickness t
were chosen to be 300 nm in order to impose mono-modal
conditions. The WRTRs considered in this work consist of a
straight waveguide (bus waveguide) in close proximity to a
racetrack-shaped waveguide structure (Fig. 1b). Therefore,
the propagated light can be coupled, from one waveguide to
another, through evanescent wave coupling. The bus waveg-
uide includes a taper, at one of its ends, that is used to couple
light efficiently into the SPP waveguide mode by directly
illuminating the tapered region with a moderately focused
laser beam. Due to the scattering of light on the nanostruc-
ture, various components of the wave-vector are produced
with one of them necessarily matching the wave-vector of
the waveguided mode (the DLSPPW mode), hereby provid-
ing its excitation. WRTRs differ from WRRs in that they
have a straight interaction section which runs parallel with
the waveguide, therefore elongating the interaction region.
The fabricated racetrack resonator has two straight sections
Fig. 1 (a) Schematic diagram of the transverse section of a DLSPPW.
(b) SPP waveguide racetrack resonator. The width w and thickness t
of the WRTR are the same as shown in (a)
of length  = 1.4 µm. The main motivation of using race-
track resonators is that one can increase the waveguide-
resonator separation for a desired coupling ratio, hence re-
laxing the resolution requirements of fabrication [16]. Other
studies have also demonstrated that racetrack resonators ex-
hibit a significant improvement in the extinction ratio due
to the larger coupling region [17]. The gap, g, between the
bus waveguide and the resonator is ∼100 nm and the race-
track resonator radius, R, is ∼2.0 µm. Additionally, straight
waveguides, with the same parameters as the bus waveguide
described above, were fabricated in order to calculate the
waveguide propagation lengths and effective indexes. The
WRTR transmission spectrum and the DLSPPW mode char-
acteristics are both measured using LRM, where a tunable
Ti:sapphire laser is used as the illumination source. The ex-
perimental setup is described in detail elsewhere [14]. The
LRM technique provides the possibility to image both di-
rect and Fourier planes and therefore allows one to obtain
information about propagation length and effective index,
respectively.
3 Experimental results
3.1 Propagation length
The power propagation length, LSP, of the DLSPPW mode
was measured by taking averaged cross-sectional profiles
Experimental characterization of dielectric-loaded plasmonic waveguide-racetrack resonators 403
Fig. 2 (a) LRM image of a straight DLSPPW illuminated with a
free-space excitation wavelength of 760 nm. (b) Averaged intensity
profile along the cross section shown in (a) and fitted curve
from the LRM image of the straight waveguide, where
the SPP mode is clearly guided (Fig. 2a). The intensity
spatial distribution of the SPP can be written as I (x) =
I (y0, z0) exp(−2β ′′x), where β ′′ is the imaginary part of
the propagation constant (β = β ′ + iβ ′′) and is related to the
propagation length by LSP = 1/(2β ′′). The resulting SPP in-
tensity distribution (Fig. 2b), obtained from the LRM image
at an illumination wavelength of 760 nm, clearly shows that
the SPP intensity decays exponentially along the propaga-
tion direction (x direction). Quite noticeable oscillations of
the intensity along the profile are common in the LRM tech-
nique and arise from interference of the main LRM signal
with close spatial components, such as those leaking from a
mode in the funnel region, which has slightly different effec-
tive index due to the wider dielectric boundaries. By using
the best fit for the experimental data, we find a propagation
length of ∼4.7 µm. The procedure is repeated for different
wavelengths (760–820 nm) and, since data follows a linear
behavior in this range (Fig. 3), we get a linear fit of the form
LSP(λ) = −3.08 + 10.8λ (µm). (1)
The propagation length variation for this configuration is
minimal (<1 µm) in this range. This allows the possibility of
choosing a constant value for LSP with no significant differ-
ences when calculating the transmission spectra of WRTRs.
For our purposes, we use the complete expression of Eq. (1).
Fig. 3 Propagation lengths and linear fit associated to a straight
DLSPPW at different excitation wavelengths in the interval
760–820 nm
3.2 Effective index
In Sect. 3.1, the leakage radiation was recorded in the im-
age plane in order to measure the SPP propagation length.
However, leakage radiation imaging is also possible in the
Fourier plane of the LRM, e.g. imaging the SPP wave-vector
space. The real part of the propagation constant, β ′, is re-
lated to the mode effective index according to β ′ = k0neff.
It is clear that an experimental determination of the mode
effective index implies measurements in the Fourier plane.
The leakage radiation recorded in the Fourier plane of the
microscope when a SPP guided mode is propagating in a
straight DLSPPW (Fig. 4a) exhibits information regarding
the effective index of the guided mode and also from the
numerical apertures (NAs) of the objectives used in the ex-
perimental setup. The inner disc (Fig. 4a) corresponds to the
focusing microscope objective used for the SPP excitation
(NA = 0.40). The two crescents, which also indicate the po-
larization direction [18], are characteristic of the Au/air SPP
mode (neff ∼ 1.01). The vertical line, which corresponds to
the value of the propagation constant, is the signature of a
SPP guided mode that propagates in the positive x direc-
tion in the DLSPPW. Finally, there is also an outermost disc
that corresponds to the collecting objective high numerical
aperture (NA = 1.45). The leakage radiation image recorded
by the CCD camera in the Fourier plane (Fig. 4b) shows
these elements clearly, which are used for calibration and for
the experimental determination of the effective index of the
mode. The distance from the origin to the crescent is used
to calibrate the Fourier plane by finding a scale factor that
relates the distance in pixels with a known effective index.
The value of the mode effective index can be then calcu-
lated by measuring the distance in pixels from the origin to
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Fig. 4 (a) Fourier-plane schematic showing the region of interest,
where d is the distance from the origin to the straight line that cor-
responds to the guided mode signature. (b) LRM cropped image of
the Fourier plane. (c) Cross-sectional profiles for two different wave-
lengths (760 and 820 nm) and Lorentzian fit
the central position of the mode signature (straight line) and
applying the factor scale. The distance is measured by an-
alyzing averaged cross sections along d (Fig. 4c). It should
be noticed that the horizontal axis of the graph in Fig. 4c
does not start at the origin, but, instead, only the section of
interest appears (dotted line rectangle of Fig. 4b). The dif-
ference in the central position of the straight line between
different wavelengths is very small and introduces high un-
certainty to distinguish one from another. To solve this prob-
lem, the intensity profiles are fitted to a Lorentzian curve to
find a more accurate center position. A shift in the position
d of the guided mode signature is clearly seen. The above-
mentioned procedure is repeated in the wavelength interval
760–820 nm to calculate the effective-index dispersion in
this range (Fig. 5). Also in this case a linear fit is suitable
and the following expression is obtained:
neff(λ) = 1.78 − 0.68λ (µm). (2)
Fig. 5 Experimental data and linear fit of the mode effective-index dis-
persion measured in the wavelength interval 760–820 nm for a straight
DLSPPW
3.3 WRTR transmission
Only certain wavelengths can build up in intensity in a race-
track resonator. The resonance condition occurs when the
round-trip optical path length is equal to an integral number
of wavelengths. This feature makes WRTRs suitable to act
as wavelength-selective filters. The transmission analytical
expression of WRRs is given by [19]
T = exp
( −l
LSP(λ)
)
α2 + t2 − 2αt cos θ
1 + α2t2 − 2αt cos θ . (3)
The first factor of Eq. (3) corresponds to the exponential
decay of the SPP, where l is the distance from A to B
(Fig. 6a). α = exp(−Cβ ′′)σ is a parameter accounting for
the field attenuation per round trip around the resonator,
where σ is the pure bend loss factor and C = 2πR + 2
is the circumference of the racetrack resonator. t is the field
transmission and represents the coupling losses in the in-
teraction region. The phase change around the resonator is
θ = (2π/λ)neff(λ)C, where λ is the free-space wavelength.
The values for the power propagation length LSP and the
effective index neff are taken from the results obtained in
Sects. 3.1 and 3.2. The circumference C, the bend loss fac-
tor σ and the field transmission t are calculated through nu-
merical fitting. The WRTR transmission spectrum was mea-
sured experimentally by analyzing the LRM image (Fig. 6b).
The input and output intensities, located at points A and B,
respectively, are found by obtaining the averaged intensity
profiles at these points (Fig. 6c). The fabricated structures
were exposed to different dose factors in order to get slight
variations of the WRTR dimensions. Changing the dose fac-
tor modifies the width of the waveguide, and therefore the
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Fig. 6 (a) WRTR structure. (b) LRM image of a WRTR illuminated
with a free-space wavelength of 772 nm. The structure is highlighted
with intermittent lines in (b). (c) Cross-sectional intensity profiles
along A (input intensity) and B (output intensity) of the LRM image
in (b)
gap between the bus waveguide and the resonator can be-
come larger or smaller, hence the coupling will also be af-
fected. LRM images of WRTRs that were exposed to differ-
ent dose factors were analyzed (Fig. 7). With poor coupling,
WRTRs exhibit low extinction ratio and thereby we chose
the structure with the best coupling for further characteriza-
tion. The WRTR that was fabricated with a dose factor of
0.50 exhibited a high extinction ratio. Transmission minima
occur close to λ = 761 and 784 nm (Figs. 8a and 8c) and
maxima around λ = 772 and 796 nm (Figs. 8b and 8d). The
experimental measurements of transmission are plotted as a
function of wavelength (Fig. 8e). The measured data exhib-
ited a bandwidth of ∼11 nm and a high extinction ratio of
∼20 dB, which, so far, is the largest ratio reported for plas-
monic wavelength-selective filters. The measured and cal-
culated values of the WRTR transmission (Fig. 8e) are pro-
cessed numerically to find the best fit. The fitted values are
C = 15.09 ± 0.01 µm, σ = 1.0 ± 0.2 and t = 0.32 ± 0.04
Fig. 7 LRM images of WRTR structures exposed to different dose fac-
tors during fabrication: (a) and (b) 0.50 and (c) and (d) 0.52. The struc-
tures are illuminated at different wavelengths to show minimum and
maximum transmission
(the uncertainty intervals account for 95 % of confidence).
α is also calculated giving values from 0.22 to 0.25, due to
its wavelength dependence. The fitted value of the resonator
circumference C differs only by ∼300 nm (<2 %) from
the original fabrication parameters and the fitted value of σ ,
very close to unity, corresponds to very low bend losses.
4 Conclusions
The fabricated WRTRs exhibited high extinction ratio, good
mode confinement and relatively low losses and thus the fea-
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Fig. 8 (a)–(d) WRTR LRM images illuminated with the free-space
wavelengths of (a) 761 nm, (b) 772 nm, (c) 784 nm and (d) 796 nm.
(e) WRTR transmission spectrum. Experimental measurements were
obtained from LRM image analysis and the fitted values are found from
the analytical expression
sibility for using these structures in the near-infrared wave-
length range was demonstrated. Moreover, the extinction
ratio we report is the largest achieved, so far, in similar
plasmonic devices. However, the maximum measured trans-
mission values showed to be quite low (∼0.1). Some ways
to improve the transmission could be by changing the res-
onator position and moving it closer to the taper, decreas-
ing the size (R,  or both) or using longer wavelengths
accessible with Ti:sapphire lasers (e.g. ∼850 nm). The use
of LRM admits the possibility of imaging both direct and
Fourier space, hence allowing measurements of the prop-
agation length and effective index (in contrast with scan-
ning near-field optical microscopes, where only propaga-
tion length can be calculated). Good agreement is found
between measured WRTR transmission values and the ob-
tained semi-analytical fit. This fact indicates that it is possi-
ble to calculate the dispersion relation of a DLSPPW mode,
as an alternative besides numerical simulations, from exper-
imental measurements and use them for describing the per-
formance of a WRTR. This method offers a more accurate
result than those obtained numerically since simulations ac-
count for perfectly constructed waveguides, a situation that
is very hard to accomplish with electron-beam lithography.
When dispersion relations are obtained experimentally, the
real physical parameters and fabrication defects are intrinsi-
cally considered. Furthermore, there is no need of measuring
the waveguide dimensions (width and thickness) after fabri-
cation. One should point out, however, that DLSPPW modes
with higher effective index than the NA of the collecting ob-
jective from the LRM setup cannot be detected.
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